Introduction {#S0001}
============

Pancreatic cancer is one of the most aggressive human malignancies with a high mortality rate. Surgical resection is the preferred treatment for pancreatic cancer, but less than 20% of patients are eligible for the operation with poor prognosis.[@CIT0001]--[@CIT0003] Chemotherapy is still essential in the treatment of advanced pancreatic cancer, preventing postoperative recurrence and prolonging the survival of patients.[@CIT0004] The EGFR signaling pathway has been reported to play an important role in the proliferation, apoptosis, differentiation, migration and angiogenesis of pancreatic cancer cells.[@CIT0005] Gemcitabine-based chemotherapy combinations are the cornerstones of pancreatic cancer treatment, but the efficacy is not optimistic.[@CIT0006] The EGFR overexpression is closely associated with the formation, metastasis and deterioration of tumors, which has become a hot target in recent years.[@CIT0007] Based on their target, targeted therapeutic drugs against EGFR can be divided into two categories: one is small molecule EGFR-tyrosine kinase inhibitors (EGFR-TKIs) such as erlotinib, gefitinib and afatinib, etc.;[@CIT0008],[@CIT0009] the other is a EGFR-monoclonal antibody (EGFR-mAb) that specifically binds to the extracellular EGFR cells including cetuximab.[@CIT0010] However, the emergence of drug resistance in EGFR inhibitor targeted therapy has severely limited its clinical application. Further research on exploring the drug resistance mechanism of EGFR inhibitors and finding ways to overcome or reverse drug resistance is an urgent problem to be solved in the field of pancreatic cancer treatment, which is also the main purpose of this project.

Natural products have been found to play an important role in various diseases in recent years. And more reports pointed out that natural products suppress the cancer proliferation via different mechanisms. Bitter melon extract inhibits breast cancer growth in the preclinical model by induction of autophagy and modulation of the AMPK/mTOR pathway.[@CIT0011] And bitter melon extract inhibits head and neck squamous cell carcinoma growth by inhibiting FoxP3+ populations in the tumors and in spleens.[@CIT0012]

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone) as a natural product, an effective monomer isolated from the genus Rhubarb, Amaranthus and Senna,[@CIT0013] exerts extensive pharmacological effects, such as immune regulation,[@CIT0014] anti-inflammatory[@CIT0015] and antitumor.[@CIT0016] Besides, emodin represents a crucial role in resisting various tumor cells by inhibiting tumor cell proliferation, invasion, metastasis, angiogenesis and promoting apoptosis.[@CIT0017],[@CIT0018] It has been determined that emodin inhibited the proliferation and promoted apoptosis of breast cancer cells by inhibiting the proto-oncogene human epidermal growth factor receptor-2 (HER-2) signaling pathway and endoplasmic reticulum stress and through Ca2+-dependent mitochondria.[@CIT0019] Two 2D quantitative structure-activity relationship (QSAR) models and molecular docking simulation indicated the possible binding site between emodin analogs and EFGR proteins. And corresponding results demonstrated the benefits of further investigations on the development of emodin analogs with improved anticancer bioactivity. However, the specific association between them is still worthy of further study.[@CIT0020] Moreover, emodin could induce apoptosis of colon cancer cells and exhibit potent anticancer activity mainly through its endogenous apoptotic pathway.[@CIT0021] It has also been proved that emodin directly inhibited the TGF protein expression in pancreatic cancer cells, leading to a decrease in the mRNA level of angiogenic factor-related genes, thereby inhibiting the occurrence and metastasis of tumors.[@CIT0022] In addition, emodin can synergize with a variety of antitumor drugs, enhance the sensitivity of tumor cells to radiotherapy and reduce its side effects, thus having a potential clinical application.[@CIT0023]

In this study, we found that emodin combined with EGFR inhibitor afatinib in pancreatic cancer was superior to emodin or EGFR inhibitor alone in inhibiting cell proliferation, yet the specific mechanism of action between them requires further study. Recent studies have reported that Stat3 were important downstream regulators of the EGFR signaling pathway, which were involved in EGFR-mediated proliferation and differentiation of cancer cells and participated in regulating diverse biological functions of EGFR. Therefore, this study assumed that emodin in pancreatic cancer reverses EGFR inhibitor resistance by inhibiting Stat3 and that inhibition of EGFR and Stat3 synergistically exerted anticancer activity in pancreatic cancer. This hypothesis was further validated by various in vitro and in vivo experiments and its mechanism was elucidated. The implementation of this project will have a profound impact on overcoming the drug resistance of clinical drugs, and it is expected to discover new treatment strategies for pancreatic cancer.

Materials and methods {#S0002}
=====================

Cell culture {#S0002-S2001}
------------

Human pancreatic cancer cell lines PANC-1 and BxPC-3 were obtained from the Shanghai Institute of Cell Bank (Shanghai, China). The cells were maintained in DMEM medium (GibcoTM, 10564011) containing 10% (v/v) FBS (GibcoTM, 10099141), 100 IU/mL penicillin and 100 μg/mL streptomycin under 5% CO~2~ water-saturated atmosphere at 37°C. Cells were transfected with 1 μg plasmid and 1.5 μl Lipofectamine2000 every well. The transfection efficiency can reach more than 70%.

Colony formation assay {#S0002-S2002}
----------------------

Colony formation assay was used to detect the capacity of cell proliferation. Brieﬂy, 48 hrs after cell transfection, 100 µL PANC-1 and BxPC-3 cells (5×10^4^ cells/mL) were seeded into a 6-well plate for 14 days. After being fixed with 10% formaldehyde for 20 mins, the forming colonies were then stained with 0.1% crystal violet (Sigma-Aldrich Co.).

Cell transfection {#S0002-S2003}
-----------------

Cells were transfected with si-NC or si-Stat3. Twenty-four hours before transfection, the cells were inoculated into a 6-well plate. When the confluence was reached to 50%, Lipofectamine2000 (Invitrogen Inc., Carlsbad, CA, USA) was used to transfect the cells.

Lentiviral vector packaging and stable cell line establishment {#S0002-S2004}
--------------------------------------------------------------

Lv-NC (empty plasmid vector) and Lv-Stat3 (Stat3 over-expression lentiviral vector) used for cell transfection were purchased from Invitrogen Inc. (Carlsbad, CA, USA). Cells were collected in logarithmic growth phase. Then, the cell suspension was added into a 6-well plate (2×10^6^cells/well) after being adjusted to appropriate density. About 3 days later after inoculation of cells, LV-transfected cells were screened using puromycin at less cell passage cultivation three times until plasmid is stably expressed. Cells were prepared for test in further studies after cell selection.

The treatment of EFGR inhibitor in cell {#S0002-S2005}
---------------------------------------

The EGFR inhibitor (erlotinib, gefitinib, afatinib and cetuximab) was used to treat the PANC-1 and BxPC-3 cells at the concentration of 20 nM. After 24 hrs of incubation, cells were collected for further detection.

Cell viability assay {#S0002-S2006}
--------------------

Cell proliferation assay was conducted using MTT Kit (11465007001, Sigma-Aldrich, St. Louis, USA). Briefly, cells (1×10^4^ cells/well) were seeded into a 96-well plate in triplicate. Following incubation at 37°C for different time (12, 24, 48 and 72 hrs) periods, the culture medium was removed and MTT reagent (20 μL; 5 mg/mL) was added and incubated at 37°C for another 4 hrs. Absorbance was measured at a wavelength of 490 nm.

Cell apoptosis analysis {#S0002-S2007}
-----------------------

For apoptosis analysis, the cells were harvested following washing with ice-cold PBS. Then, the cells were stained with Annexin V-FITC apoptosis detection kit (556547, BD Biosciences, USA). Lastly, the apoptosis of stained cells was observed using a flow cytometer.

qRT-PCR {#S0002-S2008}
-------

Total tissue and cell RNA were isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the protocols. cDNA was then synthesized using the GoScript™ Reverse Transcription kit (Madison, WI, USA). qRT-PCR was carried out according to the protocol of GoTaq^®^ qRT-PCR Master mix kit (Madison, WI, USA). GAPDH was included as an internal control. The sequences of primers were as follows: Stat3 forward primer: 5′- CAT CCT GAA GCT GAC CCAG G -3′, reverse primer: 5′- TAT TGC TGC AGG TCG TTG GT-3′; EGFR forward primer: 5′- ACC AGC AAC AAT TCC ACC GT -3′, reverse primer: 5′- CCA GAC AAG CCA CTC ACC AG-3′, GAPDH forward primer: 5′- GAA AGC CTG CCG GTG ACT AA -3′, reverse primer: 5′- GCA TCA CCC GGA GGA GAA AT -3′.

Western blot analysis {#S0002-S2009}
---------------------

After rinsed with PBS, the PC cells were lysed in extraction buffer for 15 mins, and then, 12,000 r min^−1^ is centrifuged at low temperature for 15 mins, and the supernatant is sucked and loaded into a new centrifuge tube. An Enhanced BCA Protein Concentration Assay Kit (P0009, Beyotime, Shanghai, China) was used to detect the protein concentration. Approximately 30 μg/well protein was separated by 10% SDS-PAGE and then electro-transferred to PVDF membranes. Blots were blocked with 5% BSA for 1.5 hrs at 37°C followed by incubation overnight with the primary antibodies at 4°C. After that, bands were incubated with peroxidase-conjugated secondary antibody for 1 hr at room temperature and then visualized with Tanon 5200 Chemiluminescence imaging system. The amounts of the target proteins were analyzed using Image J analysis software and normalized to according control. Results were obtained from three independent experiments.

In vivo tumor growth model {#S0002-S2010}
--------------------------

All animal experiments were approved by the Animal Care and Ethics Committee of Wenzhou Medical University (WZU38869-582). The experimental procedures were complied with the Care and Use of Laboratory Animals from the National Institutes of Health. For tumor growth studies, BALB/c nude mice (4--6 weeks) (Vitalriver, Beijing, China) were subcutaneously injected with resuspended in Hank's buffer and mixed with an equal volume of matrigel (BD Biosciences) with 5×10^6^ PANC-1 cells. When the tumors were approximately 30--50 mm^3^, the mice were randomly divided into 4 groups with 5 mice in each group: (1) saline (vehicle) orally daily for 4 weeks; (2) emodin with oral dose at 50 mg/kg/day for 4 weeks; (3) afatinib with oral dose at 50 mg/kg/day for 4 weeks; and (4) afatinib (50 mg/kg) and emodin (50 mg/kg) orally daily for 4 weeks. After 28 days, mice were sacrificed, and solid tumors were isolated for further analysis. And parts of tumors were evaluated by TUNEL staining.

Statistical analysis {#S0002-S2011}
--------------------

All statistical results are displayed as mean ± standard deviation and analyzed by ANOVA followed by Tukey's post hoc test among groups using SPSS Version 21.0 (Chicago, IL, USA). *P*-values less than 0.05 were considered statistically significant.

Results {#S0003}
=======

Emodin inhibits phosphorylation of Stat3 in pancreatic cancer cells {#S0003-S2001}
-------------------------------------------------------------------

In order to confirm whether emodin can inhibit the phosphorylation of Stat3, emodin (final concentration 30--90 μM) was used to treat pancreatic cancer cells. As shown in [Figure 1](#F0001){ref-type="fig"}, the date from Western blot showed that emodin effectively inhibited the phosphorylation of Stat3 in a dose-dependent manner.Figure 1Emodin inhibits phosphorylation of Stat3 in pancreatic cancer cells. The PANC-1 and BxPC-3 cells were incubated with emodin at the concentration of 30, 60 or 90 μM. p-Stat3 expression in the cells was detected by Western blotting.

Emodin promotes apoptosis of pancreatic cancer cells {#S0003-S2002}
----------------------------------------------------

As shown in [Figure 2A](#F0002){ref-type="fig"}, emodin significantly increased the apoptosis in PANC-1 and BxPC-3 cells. Further, the expressions of apoptosis-related proteins were detected. As shown in [Figure 2B](#F0002){ref-type="fig"}, the expressions of cleaved-caspase3 and Bax-2 were significantly upregulated, while Bcl-2 expression was downregulated with the addition of emodin, especially in the high-dose group.Figure 2Emodin promotes apoptosis of pancreatic cancer cells. The PANC-1 and BxPC-3 cells were incubated with emodin at the concentration of 30, 60 or 90 μM. (**A**) Flow cytometry was used to detect the apoptosis of cells, and the right is the quantitative analysis of flow cytometry data. (**B**) Bcl-2, cleaved-caspase3, and Bax expressions in the cells were detected with Western blotting. \**P*\<0.05; \*\**P*\<0.01.

Stat3 overexpression promotes proliferation of pancreatic cancer cells {#S0003-S2003}
----------------------------------------------------------------------

To evaluate the effect of Stat3 on the proliferation of pancreatic cancer cells, the expression levels of Stat3 in pancreatic cancer cells after Stat3 interfering RNA and Stat3 overexpression plasmid were determined. PCR and Western blot results showed that the expression of Stat3 was significantly reduced by si-Stat3, while obviously increased by Stat3 overexpression plasmid ([Figure 3A](#F0003){ref-type="fig"} and[B](#F0003){ref-type="fig"}). As shown in [Figure 3C](#F0003){ref-type="fig"}, high expression of Stat3 greatly increased the proliferation of PANC-1 and BxPC-3 cells.Figure 3The overexpression of Stat3 promotes proliferation of pancreatic cancer cells. (**A**) The mRNA and (**B**) protein expression of Stat3 were detected with qRT-PCR and Western blotting, respectively. (**C**) The proliferation of cells was detected with MTT assay.

EGFR deletion promotes phosphorylation of Stat3 in pancreatic cancer cells {#S0003-S2004}
--------------------------------------------------------------------------

Recent studies have shown that STAT3 and its mediated signaling pathway play an important role in EGFR-TKI resistance.[@CIT0024] Feedback activation of STAT3 is a novel mechanism for the development of EGFR inhibitor resistance.[@CIT0025],[@CIT0026] To confirm the activation of EGFR inhibitors and Stat3 in pancreatic cancer cells, p-Stat3 expression in PANC-1 and BxPC-3 cells was detected after the addition of the selected four EGFR inhibitors. The results showed that EGFR inhibitors were effective in inhibiting EGFR expression ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Besides, the expression of p-stat3 was significantly increased after EGFR inhibitors were added ([Figure 4C](#F0004){ref-type="fig"}).Figure 4EGFR inhibitor promotes phosphorylation of Stat3 in pancreatic cancer cells. The EGFR inhibitor (erlotinib, gefitinib, afatinib and cetuximab) was used to treat the PANC-1 and BxPC-3 cells at the concentration of 20 nM. (**A**) The mRNA and (**B**) protein expressions of EGFR were detected with qRT-PCR and Western blotting, respectively. (**C**) And the protein expression of p-Stat3 was detected with Western blotting.

Emodin combined with EGFR inhibitor inhibits proliferation of pancreatic cancer cells in vitro {#S0003-S2005}
----------------------------------------------------------------------------------------------

To investigate whether emodin combined with EGFR inhibitors can synergistically exert antitumor effects, proliferation of pancreatic cancer cells in vitro was examined. The results showed that emodin combined with afatinib can greatly reduce the number of cell clones ([Figure 5A](#F0005){ref-type="fig"}). For further validation, MTT data also confirmed that emodin combined with afatinib significantly reduced the proliferation of pancreatic cancer cells ([Figure 5B](#F0005){ref-type="fig"}).Figure 5Emodin combined with EGFR inhibitor inhibits proliferation of pancreatic cancer cells in vitro. (**A**) The colon and (**B**) MTT assays were used to detect the proliferation in PANC-1 and BxPC-3 cells.

Emodin combined with EGFR inhibitor inhibits proliferation of pancreatic cancer cells in vivo {#S0003-S2006}
---------------------------------------------------------------------------------------------

In order to better evaluate the antitumor effect of emodin combined with EGFR inhibitors in vivo, tumor-forming experiments in nude mice were performed and the results revealed that emodin combined with EGFR inhibitors effectively inhibited tumor growth ([Figure 6A](#F0006){ref-type="fig"}--C). Western blot analysis showed that emodin combined with afatinib exerted a stronger EGFR inhibitory effect ([Figure 6D](#F0006){ref-type="fig"}). Meanwhile, we also detected the protein expression of p-Stat3, and the results demonstrated that emodin combined with EGFR inhibitor effectively increased the expression of p-Stat3 ([Figure 6E](#F0006){ref-type="fig"}). And the TUNEL assay showed that emodin combined with EGFR inhibitors promotes cell apoptosis in the tumor tissue more effectively ([Figure 6F](#F0006){ref-type="fig"}).Figure 6Emodin combined with EGFR inhibitor inhibits proliferation of pancreatic cancer cells in vivo. Mice were administrated with vehicle (saline), emodin at 50 mg/kg/day, afatinib at 50 mg/kg/day, or the combination of the 2 drugs for 4 weeks. Tumor size and tumor weight (**A**), body weight (**B**) and tumor volume (**C**) of mice were measured. The protein of EGFR (**D**) and p-Stat3 (**E**) were detected with Western blotting. TUNEL assay detected the apoptosis in the tumor tissues (**F**). \**P*\<0.05; \*\**P*\<0.01.

Discussion {#S0004}
==========

Although most antitumor drugs have certain curative effects, they still have many disadvantages such as side effects and high prices.[@CIT0027] Traditional Chinese medicines and natural medicines have small toxic and side effects and diverse structure, making it an important way to find antitumor active ingredients from natural products in recent years.[@CIT0028] Currently, 60% of the antitumor drugs used clinically are derived from extremely abundant natural products.[@CIT0029] Emodin is a terpenoid monomer extracted from rhubarb, which obviously induced the apoptosis of pancreatic cancer cells but has little effect on normal cell proliferation.[@CIT0018] Emodin is a new class of antitumor drugs whose molecular mechanism in the Stat3 signaling pathway remains unclear. One of the innovations of this project is to confirm that the direct target of emodin is Stat3, which exerts antitumor effect by inhibiting Stat3.

EGFR belongs to the tyrosine kinase receptor (RTK) family, and over-activation of EGFR promotes the cascade response of downstream signaling pathways, including Ras/Raf/MEK/ERK, PI3K-AKT and JAK/STAT.[@CIT0030],[@CIT0031] This leads to the occurrence and metastasis of the tumor. EGFR inhibitors have been widely used in clinical oncology treatment, but their toxic side effects and drug resistance have greatly limited their application.

Many studies have found that natural products combined with chemical drugs have special effects. For example, methyl-β-cyclodextrin sensitizes MCF-7 and Hepa1-6 cells to doxorubicin. Tumor growth was retarded and survival increased in mice that were administered methyl-β-cyclodextrin together with doxorubicin to as compared to either agent alone.[@CIT0032] Combined with modern experimental research, emodin has antitumor effect with low toxicity and has synergistic effect with various antitumor drugs, which is a potential effective drug for clinical tumor treatment.[@CIT0033] Therefore, we aimed at emodin which is a natural product. Our research found that emodin combined with the EGFR inhibitor afatinib has a stronger inhibitory activity against pancreatic cancer cells compared with emodin or EGFR inhibitor alone. These results indicated that the combination of emodin and EGFR inhibitors for antitumor had the potential to reverse the resistance of EGFR inhibitors, possibly with regulatory, synergistic or additive effects.

The resistance mechanism of EGFR inhibitors is related to EGFR secondary mutation, abnormal activation of other RTKs, changes in signal pathway components or regulatory factor gene expression, internalization of EGFR and changes in tumor microenvironment.[@CIT0034] As an important downstream regulator of EGFR signaling pathway, Stat3 was involved in EGFR-mediated migration and invasion of cancer cells. By studying the interaction between Stat3 and EGFR signaling pathway, the mechanism of drug resistance in tumor therapy can be further revealed, and more effective antitumor drugs can be developed. It has been found that the EGFR inhibitors erlotinib, afatinib, and dacomitinib acted on lung cancer cells to activate the IL-6/JAK/Stat3 signaling pathway, which in turn induced drug resistance.[@CIT0035] When EGFR inhibitor cetuximab is administered to metastatic colorectal cancer, its resistance is also associated with Stat3 activation.[@CIT0036] Therefore, feedback activation of the Stat3 signaling pathway is a novel mechanism of EGFR inhibitor resistance, which can be reversed by the inhibition of Stat3.

Although modern research has a certain understanding of the mechanism of the antitumor effect of emodin, it still needs to be further studied. We found that emodin inhibited the level of p-Stat3 in pancreatic cancer cells and inhibited its proliferation and promoted apoptosis. Through MTT experiments, when emodin was applied to human pancreatic cancer cells, the inhibition rate of these three cells was elevated with the increase of emodin concentration. The p-Stat3 protein expression was detected at different concentrations of emodin after interfering with PANC-1 and BxPC-3 cells for 24 hrs. And emodin treatment decreased the p-Stat3 protein expression in a concentration-dependent manner. Additionally, the expression of apoptosis-inhibiting gene Bcl-2 was decreased, but cleaved-caspase3 expression was increased, indicating that emodin inhibited the cell growth and promoted the apoptosis by inhibiting phosphorylation of Stat3 and affecting apoptosis-related proteins. Meanwhile, in vivo and in vitro experiments showed that emodin reversed the resistance of EGFR inhibitors in pancreatic cancer. When emodin was combined with EGFR inhibitor afatinib, the inhibitory activity against pancreatic cancer cells was better than that of emodin or EGFR inhibitor alone.

Based on these findings, we hypothesized that in pancreatic cancer, emodin reverses EGFR inhibitor resistance by inhibiting Stat3 and that emodin and EGFR inhibitors synergistically exert antitumor effects. Our research elucidated the antitumor effect of emodin by inhibiting Stat3 and verified that EGFR inhibitor resistance in pancreatic cancer was associated with Stat3 activation. It provided a new theoretical basis and idea for solving EGFR inhibitor resistance.
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